Abstract-In this work, a full-integrated very-low power SiGe Power Amplifier (PA) is realized using the IHP (Innovations for High Performance), 0.25µm-SiGe process. The behaviour of the amplifiers has been optimized for the 2.1-2.4 GHz frequency band for a higher 1-dB compression point and high efficiency at a lower supply voltage. The PA delivers an output power of 3.75 mW and 1.25 mW for 2V and 1V, respectively. The PA measurements yielded the following parameters; gain of 13 dB, 1-dB compression point of 5.7 dBm, and PowerAdded-Efficiency of 30% for 2V supply voltage. The PA circuit can go down to 1V of supply voltage with a gain of 10 dB, 1-dB compression point of 1 dBm, and Power-Added-Efficiency of 20%. For both supply voltages, the input and the output of the circuit give good reflection performance. With this performance, the PA circuit may be used for low-power biomedical implanted transceiver systems.
INTRODUCTION
Recent developments in radio frequency integrated circuit (RFIC) technologies have resulted in their increasing application in implantable wireless biomedical systems.
Use of the human body as a wireless communication channel is the major challenge to the realization of an implanted RF transceiver system. It has been shown that the biological tissues are not a good medium at RF frequencies due to their dissipative characteristics. One way to overcome this problem is to realize a particularly efficient wireless transmitter. One of the major challenges to realize these transmitters is to design RF circuits, and in particular power amplifiers (PAs) with low-power consumption that operate from very low supply voltages. However, having a low supply voltage degrades the linearity performance of the amplifier. Class A, Class B or Class AB PAs are good candidates to provide solutions to the linearity problem [1] .
The challenging part of these amplifiers is the efficiency, which directly affects the battery life. Using cautious design methods, such as optimization of the passive components and decreasing the passive element losses, helps designers to achieve high PAE Class A or AB amplifiers. DC-feed inductors are the most important components which directly affect the efficiency of the amplifier. Since low-power PAs require larger output loads than higher-power PAs, larger DC-feed RF inductors are required; but such inductors have very low quality factors when implemented onchip. A special design is required for the DC-feed inductor to simultaneously obtain higher efficiency and linear operation. Using all the active components parasitic elements and using all the metallization as a part of the matching network also helps to increase efficiency by decreasing unnecessary losses. All these topics are related to the layout design.
A few fully integrated PAs with high output power levels in the range of 1 to 2 Watts and with efficiencies ranging from 13-44 % have been presented [2] [3] [4] [5] . On the other hand, good performance for low-power and linearity, and fully integrated PAs that operate from low supply voltages have not been reported yet. The switching-class PAs require a large input drive and are highly nonlinear. Thus, their suitability for lowpower applications is still being debated [6] [7] [8] . This work investigates the use of linearclass PAs for low-power, short-range biomedical applications. A PA circuit operating at 2.4 GHz was designed and fabricated in a commercial 0.25 µm SiGe process [9] .
Although the circuit has a basic topology of a single class-A stage, the optimized layout of the circuit allowed us to achieve a measured performance, superior to those of other reported fully integrated low-power PAs. This PA circuit is capable of operating at a supply voltage as low as 1 V with 20 % PAE, proving that linear class PAs are good candidates for biomedical implants. performance, the single-ended PA topology was chosen to be used with a single-ended antenna, thus eliminating the need for a balun. In the case of low-power signals, no driver stage is required for the design of the power amplifier. An input matching network is used to match the input of the PA to 50 Ω. The inductance value required for the matching network is larger since the input transistor Q 1 is a smaller device, and therefore has a low input capacitance which has a negligible effect at the frequency of interest. The emitter inductance (L e ) is used for increasing the real part of the input impedance thus making the input matching easier and also increasing the linearity of the amplifier. The base of Q 1 was biased in the class-A operation range to ensure the linear operation. A custom, thermal-sensitive bias circuit is applied for DC biasing of the amplifier. The capacitor C 1 is a DC-blocking capacitor that allows for external biasing of transistor Q1. This capacitor is also used for input matching of the amplifier to a 50 ohm impedance. Temperature changes are very important for the stable operation of the amplifier, hence a special care has to be given to temperature stability.
A bias circuit, in Figure 2 , is designed for the stable operating temperatures between 23-40 ºC. It keeps the quiescent current constant, independent of temperature, by employing two diode connected transistors in series from the base of Q2 to the ground. Low-power amplifiers generally suffer from lower efficiency performance. In particular Class-A and Class-AB operation mode power amplifiers have limited efficiency. As mentioned in the design part, the DC-feeding inductor has a large influence on efficiency of the amplifier due to its rather higher value (~8nH). The DCfeeding inductor was designed and optimized for 2.4 GHz operation. Stack metal layers were used in the realization of this inductor. Via sizes / numbers and underneath metal width specifications were optimized. The RF Design Environment (RFDE) tool is used for 2.5-D EM simulations which are integrated into the Cadence Virtuoso layout tool. The designed DC-feed inductor has a value of ~8nH and a maximum quality factor of over 20 at 2.4 GHz. The quality factor curves for this inductor are given in Figure 44 . Inductors with different quality factor values were also simulated and the approximate efficiency curves were extracted. As seen in Figure 5 , the efficiency of the amplifier decreases from 32% to 25% for -5 dB input power which is very close to the input-referred compression point of the power amplifier. This optimization was performed with a 2 V supply voltage. Figure 55 shows the importance of the DC-feeding inductor which was also used as a part of the output matching circuit. The efficiency of the power amplifier in a transmitter block is the most dominant factor of power consumption which in turn impacts on the means battery life.
IV. MEASUREMENT RESULTS
The measurements were performed using an Agilent 8719ES Network Analyzer, Karl-Suss RF Probe Station and a set of RF GSG probes. The gain of the amplifier with 2V supply voltage is over 12 dB over the 2 GHz to 2.4 GHz operating frequency range and can be seen in Figure 6 .
The input of the amplifier is also matched to 50-Ω. In Figure 7 , the S 11 performance of the amplifier with 2 V supply voltage, is given. As seen from Figure 77 , the input is not fully matched but it is close to 50-Ω. The transmitter block was planned to be fully integrated and the preceding circuits's output impedance value may be easily matched to the input impedance of the power amplifier.
The output of the power amplifier is connected to an antenna which means the output value requires a 50-ohm impedance for maximum power transfer. As seen from Figure   88 , the output of the circuit is well matched to 50-Ω between 2 GHz and 3 GHz with 2 V supply voltage.
For 1V low-power operation, all the S-parameter measurements were repeated and given in Figure 9 , Figure 10 and Figure . As seen from Figures 9-11 , the gain value decreased from 11 to 8 dB. The gain and the required output power strongly depend on the distance between transmitter and receiver. The designed power amplifier has the capability of working with both 2V and 1V supply voltages which gives flexibility to the transmitter block to operate in power-save mode. The input and output matching performance of the circuit has not changed considerably due to the change of supply voltage.
The linearity performance of the circuit was measured with the same setup by sweeping the input power and monitoring the gain of the amplifier. Figure 22 shows that for 2V supply voltage operation mode, the power amplifier has an output-referred 1-dB compression point of 5.75 dBm. Figure 33 gives the 1-dB compression point performance of the power amplifier with 1V supply voltage. 1dBm output power is measured as the 1-dB compression point of PA using a 1 V low-supply voltage. Table I shows our results and their comparison with similar ones available in the literature. As seen in Table I 
